Macrophages are viewed as amplifiers of ischemic brain injury, but the origin of injury-producing macrophages is poorly defined. The role of resident brain macrophages-microglial cells-in stroke remains controversial. To determine whether microglial cells exert injurious effects after neonatal focal stroke, we selectively depleted these cells with intracerebral injection of liposome-encapsulated clodronate before transient middle cerebral artery occlusion in postnatal day 7 rats. Phagocytosis of apoptotic neurons by activated microglia was poor in animals with unmanipulated microglia, and depletion of these cells did not increase the number of apoptotic neurons. Lack of microglia increased the brain levels of several cytokines and chemokines already elevated by ischemia-reperfusion, and also increased the severity and volume of injury, suggesting that microglial cells contribute to endogenous protection during the subacute injury phase. Then, to determine whether accumulation of reactive oxygen species in microglia adversely affects phagocytosis of dying neurons and contributes to injury, we delivered reduced glutathione (GSH) into microglia, again using liposomes. Remarkably, pharmacologically increased intracellular GSH concentrations in microglia induced superoxide accumulation in lipid rafts in these cells, further increased the brain levels of macrophage chemoattractants, and exacerbated injury. Together, these data show that microglia are part of the endogenous defense mechanisms and that, while antioxidants can protect the injured neonatal brain, high levels of reducing equivalents in activated microglia, GSH, trigger superoxide production, favor the reorganization of lipids, amplify local inflammation and exacerbate injury.
Introduction
Severe ischemic brain injury and higher macrophage density are linked in the adult. Resident brain macrophages, microglia, are thus seen as injurious. However, the origin of the macrophagesmicroglia or invading monocytes-may differentially affect injury; e.g., TNF␣ protects the brain from stroke when produced in activated microglia but injures it when produced in monocytes (Lambertsen et al., 2009) . Microglia is the main cell type in the brain that provides immunosurveillance but can also be toxic (Kreutzberg, 1996) . The microglial population is heterogeneous, and a subpopulation of microglia protects against stroke: injury is exacerbated after depletion of the proliferative microglia (Lalancette-Hébert et al., 2007) and ameliorated after injection of microglia into the ischemic brain (Imai et al., 2007) . The type of stimulus and the local microenvironment-infectious, inflammatory, or anti-inflammatory-critically affect the microglial phenotypes (Petersen and Dailey, 2004; Lalancette-Hébert et al., 2007) . Apoptotic cells, for example, trigger the recognition and migratory cues on microglia (Lauber et al., 2003) , and physical interaction between phagocytosing microglia and dying neurons suppresses inflammatory responses and switches the microglial phenotype from cytotoxic (M1) to protective (M2) (Lucas et al., 2006) . In contrast, inflammatory mediators and reactive oxygen species (ROS), including superoxide (O 2 ⅐Ϫ), halt phagocytosis and clearance of debris. The complexity of the modulatory role of microglia has also become apparent in neurogenesis (Monje et al., 2003; Butovsky et al., 2006) . Thus, the role of microglia in stroke is controversial.
Immaturity critically affects the brain's susceptibility to ischemic and excitatory injury in rodents, particularly during the window of susceptibility during the first postnatal week (Ikonomidou et al., 1989) . The inflammatory response in neonatal rodents is rapid after hypoxia-ischemia (H-I) (Hedtjärn et al., 2004) and focal stroke (Denker et al., 2007) and coincides with widespread neuronal apoptosis (Han et al., 2001; Manabat et al., 2003) . Oxidative injury in part due to O 2 ⅐Ϫ accumulation is another major component of injury (Fullerton et al., 1998) . Microglia can damage developing cerebellar neurons directly through O 2 ⅐Ϫ production (Marín-Teva et al., 2004) . The differentiation status of microglia differs in immature and adult brain (Santambrogio et al., 2001) , but the role of microglia in injury after neonatal stroke is largely unexplored.
We asked whether microglia are injurious after acute neonatal focal stroke and whether an increased intracellular antioxidant concentration in these cells is beneficial. By delivering clodronate encapsulated into liposomes (Clod-lip) into neonatal brain, we depleted brain macrophages-which we have shown to be microglial cells, not invading monocytes, in acutely injured neonatal brain (Denker et al., 2007) . With this unique opportunity to separate the effects of microglia from those of invading macrophages, we show that depletion of microglia enhances local inflammation induced by ischemia-reperfusion and increases injury severity, suggesting that microglia contribute to endogenous protection early after injury. We further show that a pharmacologic increase in reduced glutathione (GSH) in microglial cells induces, not reduces, O 2 ⅐Ϫ production in microglia, favors lipid reorganization, amplifies local inflammation, and exacerbates injury.
Materials and Methods
Drug administration, animal model, and noninvasive injury identification by MRI. All animal research was approved by the University of California San Francisco Institutional Animal Care and Use Committee and was performed in accordance with the Guide for the Care and Use of Laboratory Animals (U.S. Department of Health and Human Services, Publication Number 1985) .
Liposomes that contain a lipid fluorescent dye, DiIC18(3)-distearate (DiI-lip), clodronate (dichloromethylene bis-phosphonate, Clod-lip), reduced glutathione (GSH-lip), or PBS (PBS-lip, empty liposomes) were prepared as previously described (Szoka and Papahadjopoulos, 1978) with modifications. Briefly, 20 mg of 1-palmitoyl-2-oleoyl phosphatidylcholine, 10 mg of cholesterol in 2 ml of chloroform and 3 ml of ethyl were mixed with 0.7 ml of DiIC18(3) dye, clodronate (100 mg/ml) or GSH (100 mg/ml) in water, reverse emulsion prepared by sonication (XL2020, 40% power, 30 s), and organic solvents were evaporated using rotary evaporator and a vacuum pump. Aqueous dispersion was filtered through a stack of two 0.4 m Nuclepore polycarbonate filters, assessed by laser light scattering using Nicomp 370 unit (Particle Sizing Systems) and kept in clodronate solution. The sizes of liposomes were 709 Ϯ 621 nm for PBS and Clod-lip and 755 Ϯ 445 nm for GSH-lip. Based on UV-spectroscopy of Cu 2ϩ -clodronate complex in the acidic conditions, clodronate entrapment rate was 20%, and clodronate concentration remained unchanged over a three-month period. Intra-liposomal GSH concentration determined by spectrophotometry (412 nm) as the product of the reaction of dithio-bis-nitrobenzoic acid and GSH sulfhydryl group, was 28.6 Ϯ 5.5 mg/ml. Liposomes were kept in GSH solution. Liposomes were centrifuged just before use to remove free clodronate or GSH from a solution, and pellet was resuspended in PBS.
Liposomes were administered into the right cortex of Sprague Dawley postnatal day 5 (P5) rats of either sex (3 l, 2.5 mm rostral, 2 mm lateral from bregma, and 2 mm deep through skull surface). At P7, a total of 188 pups were subjected to a transient 3 h intraluminal middle cerebral artery occlusion (MCAO), as described previously (Derugin et al., 1998) with modifications (Derugin et al., 2005) ; naive or sham-operated pups were used as controls.
Spin-echo echo planar diffusion-weighted MRI (DWI) was performed 2.5 h after MCAO to identify injured animals (Derugin et al., 2005) ; only animals with injury extending throughout the middle cerebral artery territory on DWI were used (Fig. 1 A) . Injury volume on DWI was determined in five consecutive 2 mm thick coronal sections. A total of 148 pups met inclusion criteria based on DWI during MCAO (79%). The Figure 1 . Neurons expressing cleaved caspase-3 are poorly phagocytosed by microglial cells in ischemic-reperfused regions 24 h after MCAO. A, The characteristic DWI pattern of injury during MCAO is used for animal selection for the study. B-E, K, In contralateral tissue, the few neurons that express cleaved caspase-3 (red) have either multiple contacts with IB4-positive cells (green, arrowheads) or are engulfed by microglia (K ). F-I, L, M, In injured tissue, neurons with activated caspase-3 (red) and apoptotic nuclei (blue, bis-benzimide, thin arrows) are abundant, and multiple microglial cells (green) with activated phenotype (thick arrows) are present in proximity to neurons undergoing caspase-3-dependent death. Remarkably few contacts between microglial cells and apoptotic neurons (arrowheads) are seen. J, NeuN (red)/IB4 (green). While microglia are sparse in normal tissue (left bottom corner), they accumulate in penumbra region (right top corner), but relatively few engulf neurons. Cont, Contralateral; Inj, injured. Magnification: B-I, L, M, 63ϫ; J, 20ϫ.
incidence of injury was 81% in the PBS-lip group and 75% in the Clod-lip group.
Western blot. Spectrin cleavage mediated by calpain and caspase-3 was determined in lysates from injured and contralateral tissue using mouse anti-rat spectrin antibody (1:1000, Millipore). Expression of the CD36 (ϳ88 kDa) was determined using rabbit anti-rat CD36 antibody (1:500, Novus).
Histology and immunofluorescence. Animals were perfused and postfixed with 4% PFA, and volumetric injury analysis was performed on a series of six 12 m thick cresyl violet-stained sections, beginning at the anterior genu of the corpus callosum (ImageJ, NIH). Injury volume was expressed as percentage of injured volume to volume of ipsilateral hemisphere. Doubleimmunofluorescence was performed on adjacent sections blocked in 10% NGS/PBST and incubated overnight in 2% NGS/PBST with rabbit anti-rat Iba1 (1:200, Wako), mouse anti-rat CD68 (ED1; 1:50, Millipore Bioscience Research Reagents), or rabbit anti-cleaved caspase-3 antibodies (1:100, Cell Signaling Technology), followed by an appropriate Cy3-conjugated donkey anti-mouse and Cy2-conjugated donkey antirabbit antibodies (1:100, Jackson Laboratory), and costained with IB4 (1:100, Invitrogen) and DAPI. Z-stacks of 14 -18 images captured at 1.5 m intervals (40ϫ oil objective, Zeiss Axiovert 100 equipped with Openlab Software, Improvision) were deconvolved (Volocity Software, Improvision) and analysis performed in three fields of view (FOVs) per region, in the ischemic core, penumbra, and matching contralateral tissue, using automated protocols for signal intensity threshold (Ͼ2 SD background in each channel) in a 1 ϫ 10 6 m 3 voxel. Caspase-3 ϩ and CD68 ϩ objects with overlap Ͼ10 m 3 were considered colocalized. Iba1 ϩ measurement protocols in contralateral hemisphere included a feature to "close objects" with 3-5 iterations to connect thin segmental cell processes.
In situ detection of O 2 ⅐Ϫ production. A cell-permeable dye, hydroethidine (DHE, 5 mg/kg, i.p.), was administered 3 h before animals were killed, followed by perfusion and postfixation in 4% PFA. Z-stacks of images were obtained (40ϫ oil objective, 0.4 m Z-step) and image analysis performed in the deconvolved 3D image (Volocity software). The total number of cells intensely stained for oxidation products of O 2 ⅐Ϫ (Ox-DHE; 510/590 nm excitation/emission), the number of Iba1 ϩ cells, along with the number of Ox-DHE endothelial cells, and the number of Iba1 ϩ cells that interact with cells with the strong Ox-DHE signal, were determined. Counts were performed in 2-3 FOVs per region in penumbra, ischemic core and matching contralateral regions. Endothelial cells were visualized with IB4.
Adjacent slides were costained with the following organelle-specific markers: lysosomes (LAMP-2; 1:250, Abcam), autophages (LC3A/B; 1:50, Abcam), peroxisomes (PMP70; 1:40, Sigma), caveolin-dependent endosomes (clathrin heavy chain; 1:100, Cell Signaling Technology), and neutral lipids (BODIPY 493/503, Invitrogen) . Rac1 was visualized in adjacent slides blocked in 10%NGS/PBS and incubated on ice for 30 min with mouse anti-Rac1 antibody (1:500, BD Biosciences) in conjunction with rabbit polyclonal Iba1 antibody or IB4.
Cytokine and chemokine measurements. Cytokine and chemokine concentrations were simultaneously quantified in a single sample from injured and contralateral brain tissue using a LINCOplex rat cytokine kit (LINCO Research), Luminex 100 reader, and StatLIA software (Brendan Scientific) with a 5-parameter logistic curve-fitting (Denker et al., 2007) .
The cell types producing cytokines and chemokines were identified using 4-channel immunofluorescence in slides incubated at room temperature overnight with cell type-specific antibodies for microglia (Iba1), neurons (NeuN; mouse-anti-rat; 1:100, Millipore), and reactive astrocytes (GFAP; mouse-anti-rat; 1:50; MP Biomedicals) in conjunction with antibodies for IL-1␤ (1:200; goat-anti-rat; R&D Systems), TNF␣ (1:200; goat-anti-rat; R&D Systems), MCP-1 (1:200; goat-anti-rat; Santa Cruz Biotechnology), or MIP-1 (1:200; rabbit-anti-rat; PeproTech). Appropriate secondary Alexa Fluor 488-or 568-conjugated antibodies were used. Macrophages and endothelial cells were identified by Alexa Fluor 647-conjugated IB4 (1:100; Invitrogen), and DAPI used to identify nucleus.
GSH measurements. GSH concentrations were measured in injured and contralateral brain tissue (homogenized in 5% metaphosphoric acid) using a BIOXYTECH GSH/GSSG-412 colorimetric assay kit (Oxis Research) per manufacturer's instructions; calibration curve was used for data quantification.
Statistical analysis. Data were analyzed using ANOVA with post hoc testing (Fisher). Differences were considered significant at p Ͻ 0.05.
Results
Neurons undergoing caspase-3-mediated death are poorly phagocytosed by activated microglia Caspase-3-mediated neuronal death is a major contributor to injury after neonatal MCAO . We first asked whether resident brain macrophages (i.e., activated microglial cells, cells with acquired ameboid morphology) effectively remove debris of neurons that die by caspase-3-mediated mechanisms. IB4/cleaved caspase-3 double-immunofluorescence showed that in the contralateral hemisphere, where neurons with cleaved caspase-3 are rarely present, microglial cells recognize and wrap around portions of neurons with active caspase-3 re- gardless of whether the neuron is in early (Fig. 1 B-E) or more advanced ( Fig. 1 K, arrowhead) stages of degradation. In injured tissue, although multiple IB4 ϩ cells were next to neurons with cleaved caspase-3 ( Fig. 1 I 
, L,M, ameboid IB4
ϩ cells), the majority of neurons undergoing caspase-3-dependent apoptosis were not engulfed and only a few (thin arrows) had contacts (arrowheads) with IB4
ϩ cells at both 8 h ( Fig. 1 F-I ) and 24 h ( Fig. 1 L, M ) after reperfusion. Therefore, the removal of apoptotic neurons by phagocytosis was limited.
Depletion of activated microglia enhances local inflammation and does not protect
Insufficient elimination of apoptotic cells has been shown to enhance necrosis and trigger inflammation in various models. Cytokine accumulation is rapid in ischemic-reperfused tissue after neonatal MCAO (Denker et al., 2007) , and as a major source of inflammatory mediators after injury, brain macrophages can exacerbate injury. We have shown the brain macrophage population to be microglial cells, not invading monocytes, acutely after transient MCAO in neonatal rats (Denker et al., 2007) . We therefore asked whether depletion of activated microglia protects against acute injury.
Macrophages have been effectively depleted by Clod-lip in various organs (Zito et al., 2001 ), but not in brain, due to low permeability of the blood-brain barrier (BBB) to conventional liposomes. We therefore delivered liposomes directly into the brain parenchyma to deplete microglia. Using fluorescently labeled liposomes (DiI-lip), we first characterized the cell types with accumulated liposomes. Consistent with the notion that macrophages easily engulf large particles (Aderem, 2002) , massive accumulation of DiI-lip was observed in activated microglia in ischemic-reperfused tissue (Fig. 2 A, ameboid IB4 ϩ microglia with no processes and enlarged cell bodies) whereas accumulation was modest in ramified IB4 ϩ microglia in uninjured tissue (Fig. 2C) . Dil-lip were rarely observed in reactive astrocytes (Fig.  2 B) , endothelial cells (Fig. 2 B) , or neurons ( Fig. 2 A, C) in both injured and uninjured regions, with only a few small liposomes in these cell types. We then established that Clod-lip injected into the brain at P5 reduced the number of resting Iba1 ϩ microglia by P7 on the side of the injection from 51 Ϯ 14 cells/FOV in untreated rats to 15 Ϯ 1 cells/FOV in Clod-lip-treated rats (n ϭ 4 per group), and more gradually in the opposite hemisphere (32 Ϯ 7 cells/FOV). By 24 h Clod-lip reduced the number of Iba1 ϩ cells by 75% in the penumbra.
Clod-lip did not affect the incidence or volume of injury during MCAO, and neither did PBS-lip, as was evident from DWI ( Fig. 2 D) . Also, the absence of activated microglia did not affect injury volume 24 h after reperfusion (54.5 Ϯ 6.8% vs 50.6 Ϯ 6.1% of ipsilateral hemisphere in PBS-lip and Clod-lip, respectively). Given our previous data on the presence of both caspase-3-dependent and -independent neuronal death within 4 -24 h after MCAO , we used cleavage of the structural protein spectrin as an indicator of the mode of cell death. Clodlip did not change the extent of caspase-3-mediated spectrin cleavage (Fig. 2 E) but increased calpain-mediated spectrin cleavage in injured regions (ϳ145 kDa band, Fig. 2 E) , indicating an increased excitotoxic injury component. The number of cells with cleaved caspase-3 was similar in both groups (Fig. 2 F) .
We then asked whether microglial depletion reduces the cytokine levels elevated by MCAO. Remarkably, the levels of the inflammatory mediators IL-1␤, TNF␣, CINC-1 and MCP-1, which were significantly increased in injured tissue 24 h following MCAO, were not affected by microglial depletion (Fig. 3A) . Only the elevated levels of IL-18 and MIP-1a were reduced by Clod-lip treatment. Using four-channel immunofluorescence, we examined the cellular sources of cytokine production in the absence of microglia. IL-1␤ expression was increased in a subset of vessels and in reactive astrocytes in injured regions (Fig. 3 B, C) but not in cells of oligodendrocyte lineage (data not shown). Consistent with our previous report (Denker et al., 2007) , MCP-1 was produced by several cell types, including endothelial cells and microglia. In the absence of microglia, MCP-1 expression was abundant in reactive astrocytes adjacent to penumbral regions and in a subset of larger vessels in the core (Fig. 3D) . TNF␣ expression was increased within injured regions in neurons with relatively normal morphology but not in dying neurons (Fig. 3E ) as well as in astrocytes, which were both associated ( Fig. 3F ) and not associated (data not shown) with vessels. Thus, several cell types contribute to the elevated cytokine levels and enhanced excitotoxic injury in the absence of microglial cells.
By 72 h after reperfusion, the overall number of Iba1 ϩ cells and the number of cells with acquired scavenger receptor CD68 (ED1 ϩ cells) expression were further increased in injured tissue in the PBSlip group (Fig. 4 A, B, E, F ) , whereas the number of macrophages remained low in the Clod-lip group (Fig. 4C-F ) . The continuing acquisition of CD68 on microglia in the PBS-lip group or the lack of CD68-expressing cells in the Clod-lip group did not affect the number of neurons with cleaved caspase-3 within 72 h after reperfusion (Fig. 4G) , consistent with the notion of a low rate of engulfment (Fig. 4G) . Clod-lip further increased the already elevated levels of TNF␣, MIP-1a, MCP-1 and CINC-1 in injured tissue, compared with PBS-lip (Fig. 4 H) . Also, injury volume was significantly increased in the Clod-lip group (Fig.  4 I) . Based on similar volume of initial injury on DWI during MCAO in both groups (Fig. 2 D) , injury exacerbation observed at 72 h occurred during reperfusion, and the increased injury was not due to the overall change in brain size or edema, as volumes of contralateral hemispheres were similar in both groups. Therefore, depletion of microglial cells before neonatal focal stroke exacerbates, rather than reduces, early injury and increases accumulation of inflammatory mediators, suggesting that even a limited extent of clearance of apoptotic neurons by activated microglia in acutely injured neonatal brain is protective. ⅐Ϫ using enzymes glutathione peroxidase and catalase as well as better preserved levels of GSH are protective (Lafemina et al., 2006) . We asked whether protection of the neonatal brain from stroke could be achieved by enhancing antioxidative metabolism selectively in microglia. Again using liposomes, we delivered GSH into microglia and showed that GSH concentration, which was significantly reduced in injured regions by 24 h after reperfusion in both untreated (61.2%) and PBS-lip-treated rats (53.7%), was better preserved in injured tissue following GSH-lip administration (71.6%) (Fig.  5A) . We then showed that GSH-lip treatment did not affect the number of Iba1 ϩ microglia in the ischemic core or in the penumbra (Fig. 5B-E) . 3D reconstruction data analysis showed, however, that compared with PBS-lip, GSH-lip significantly affected morphology of Iba1 ϩ cells in injured regions, resulting in increased volume and surface area, but did not affect cell morphology in the contralateral hemisphere (Fig. 5 F, G) . Knowing that spreading of microglial cells is typically associated with increased phagocytosis, we determined the effects of GSH-lip on expression of the scavenger receptors. The surface area occupied by CD68 (ED1 ϩ cells) was significantly increased in both the core and penumbra in both groups, more so in the GSH-lip group (Fig. 5H ) , but the number of CD68 ϩ cells was similar in both groups (Fig. 6 A) . Expression of another type of scavenger recep- 
Increased GSH concentration in microglial cells

A-D, In PBS-lip-treated pups, Iba1
ϩ cells are abundant in the ischemic core (A, the activated phenotype) and in contralateral hemisphere (B, the resting phenotype). In Clod-lip-treated pups, the number of Iba1 ϩ cells remains significantly lower than in vehicle-treated pups in both injured (C) and contralateral (D) tissue. Double-labeled Iba1 ϩ /ED1 ϩ are predominantly seen in the ischemic core (A, C) and are rarely seen in contralateral hemisphere (B, D). Green, Iba1; red, ED1; blue, DAPI. E, F, The numbers of Iba1 ϩ (E) and Iba1 ϩ /ED1 ϩ cells (F ) are significantly lower in injured tissue of Clod-lip-treated pups. The difference is less profound in the contralateral hemisphere, n ϭ 8 -9 per group. G, The absence of ED1 ϩ cells does not affect the number of cells with cleaved caspase-3. Data shown as average Ϯ SD. n ϭ 8 -10. H, The cytokine and chemokine levels (multiplex) in Clod-lip and PBS-lip-treated pups. n ϭ 7-8 per group. I, Clod-lip treatment increases volume of histological injury in pups during subacute injury phase (Nissl staining), n ϭ 10 -13 per group. Black bars, Medians.
tor, CD36, while significantly increased in injured regions in both groups, was severalfold higher in the GSH-lip group (Fig. 6 B) . However, the number of cells with cleaved caspase-3 was similar in both groups 24 h after reperfusion (Fig. 6C) , demonstrating that higher intracellular GSH concentration in activated microglia is not associated with increased removal of neurons that undergo caspase-3-mediated death.
GSH-lip treatment does not reduce O 2
⅐؊ production in endothelial cells induced by injury but potentiates O 2 ⅐؊ production in microglia To determine the effects of GSH-lip on the pattern of O 2 ⅐Ϫ production induced by injury, we used hydroethidine, a dye which gives fluorescence products during its oxidation by O 2 ⅐Ϫ. There was no strong Ox-DHE signal at 1-6 h after reperfusion (data not shown) but a profoundly increased Ox-DHE fluorescence was observed in a subset of vessels, either in a single or in multiple cells per vessel (Fig. 6D,E ⅐Ϫ accumulation occurred in vesicles in a subset of activated microglia (Fig. 7 ) in addition to increased O 2 ⅐Ϫ production in endothelial cells. While Ox-DHE signal intensity ranged in vesicles of different size, a stronger signal was always seen in vesicles much larger than intracellular organelles (Fig.  7A,B) . In many Iba1 ϩ cells Ox-DHE was either in association with the plasma membrane or membrane leaflet (Fig. 7C,D) . The frequency of such a pattern of O 2 ⅐Ϫ accumulation was significantly higher in the GSH-lip than in the PBS-lip group (Fig. 7E) . Organellespecific markers for lysosomes, early endosomes, peroxisomes, and autophages, used in conjunction with DHE, did not show any particular colocalization pattern. In fact, vesicles with accumulated O 2 ⅐Ϫ were larger than individual organelles. Probing for neutral lipids showed that the Ox-DHE signal overlapped with lipid rafts and that compared PBS-lip (Fig. 7F,G) , in GSH-lip animals the size of lipid rafts was increased (not shown). GSH-lip also induced recruitment of a small GTPase Rac 1 to lipid rafts (Fig. 7H) .
Thus, strikingly, a shift in redox balance in activated micrglia does not affect O 2 ⅐Ϫ accumulation in injured vessels but potentiates O 2 ⅐Ϫ accumulation in lipid rafts, Rac1 recruitment to the membrane, and the assembly of lipid raft domains in activated microglia. Interestingly, both the temporal and cell-originspecific patterns of O 2 ⅐Ϫ accumulation are different after adult (Cho et al., 2005) and neonatal MCAO.
Increased intracellular GSH concentration in activated microglia exacerbates subchronic injury after neonatal stroke
Finally, we asked whether increased intracellular GSH concentration in activated microglia reduces injury. Although significant increases in the levels of IL-1␤, IL-18, TNF␣, CINC-1, MCP-1, and MIP-1␣ occurred in injured tissue in both groups, only the levels of the microglia/macrophage chemoattractant proteins MCP-1 and MIP-1␣ were further elevated in injured tissue by GSH-lip 72 h after reperfusion (Fig. 8 B) , consistent with selective manipulations of microglial metabolism.
Histological analysis showed similar injury volume at 24 h after reperfusion (Fig. 8 A) , but a significantly larger injury at 72 h in the GSH-lip group (Fig. 8C) . The relative sizes of the ipsilateral and contralateral hemispheres were unaffected. Consistent with our previous observations in untreated pups (Derugin et al., 2005) , volume of injury was reduced over time in the vehicle group but it was adversely affected by GSH-lip treatment.
Together, these data suggest that, although antioxidative therapeutic strategies protect the neonatal brain against ischemia-reperfusion injury, a fine balance between reduced and oxidized glutathione in activated microglial cells is needed to maintain the redox state and function of these cells. A shift toward higher antioxidant concentration potentiates O 2 ⅐Ϫ in lipid fractions of these cells and exacerbates early injury by amplifying local inflammation.
Discussion
We show for the first time that depletion of microglial cells exacerbates injury after neonatal stroke in rodents. While microglial cells poorly engulf neurons that undergo caspase-3-mediated apoptosis, microglial depletion enhances excitotoxic injury and further increases the cytokine and chemokine production already induced by ischemia-reperfusion. We further show that, although antioxidants generally protect the neonatal brain from ROS accumulation and ischemia-related injury, pharmacologic increase in intracellular GSH selectively in microglial cells potentiates O 2 ⅐Ϫ generation in activated microglia, induces lipid raft domain assembly, enhances neuroinflammation, and amplifies injury.
Macrophages accumulating in the brain after stroke could be of two types-resident activated microglia and differentiated invading monocytes-and they could contribute to injury differently (Lambertsen et al., 2009 ), but the tools to tell the two populations apart are limited. To distinguish their effects on injury, we focused on the early post-reperfusion period, when macrophages consist of microglia rather than infiltrating peripheral monocytes (Denker et al., 2007) . We first confirmed that liposomes distribute throughout the brain, with a marked accumulation in ameboid microglia, a considerably lower accumulation in resting microglia, and only an occasional presence in neurons and astrocytes. Clod-lip depleted most of the resting microglia throughout the brain before MCAO (faster on the injected side), and, as expected, activated microglia were depleted more effectively than resting microglia. Compared with untreated pups, the size of injury during MCAO (DWI) or at 24 h (Nissl) was not affected by PBS-lip or Clod-lip administration, but injury shifted from apoptotic toward necrotic, and injury volume gradually increased in the absence of microglia.
Microglia could affect injury in several ways, including modulation of cell-cell communication, production of growth factors, cytokines and chemokines, and removal of cell debris. Production of inflammatory cytokines by microglia/macrophages is thought to contribute to injury after stroke in the adult, but in the neonate the significantly elevated levels of IL-1␤, IL-1␣, CINC1, and MCP-1 at 24 h remained largely unchanged in the absence of microglia, and the chemokine levels had increased further by 72 h. Although the production of additional inflammatory mediators in the absence of microglia seems paradoxical, activated endothelial cells and astrocytes serve as sources of cytokines and chemokines, whereas the neuronal subpopulation contributes to TNF␣ production in injured regions. It is possible (but unlikely) that dying microglia induce cytokine production by directly stressing other cells after injury, because microglia are mostly depleted before the first cytokine peak (4 -8 h after MCAO; Denker et al., 2007) , and chemokine accumulation continues to increase over time. Therefore, the altered cross talk between other brain cells in the absence of microglia is the likely mechanism for continued cytokine production.
We observed an intriguingly low rate of neuronal phagocytosis in injured tissue. Removing apoptotic neurons, and hence curbing the inflammatory response due to secondary necrosis, is an important protective mechanism (Lucas et al., 2006) . Limited engulfment of dying neurons might be due to insufficient socalled "find me" and "eat me" signals necessary for the engulfment of apoptotic cells by the phagocytes (Lauber et al., 2004; Mallat et al., 2005) . However, we show that active caspase-3, which plays a central role in secreting factors needed to attract macrophages to apoptotic neurons (Lauber et al., 2003) , is abundant. We also show that expression of several scavenger receptors involved in various steps of recognition, engulfment and processing of apoptotic cells, including CD36 (class B), CD68 (class D), and CD163 (SR type) (Denker et al., 2007) , are increased in injured tissue. Insufficient migration of microglia to dying cells is unlikely to be the limiting factor in engulfment, at least through ATP/ADP-dependent migration (Haynes et al., 2006; Elliott et al., 2009) , based on the expression of the P 2 Y 12 receptor after reperfusion (data not shown). Elevated cytokine levels may account for the low rates of phagocytosis, because cytokines serve as repulsion signals (Mallat et al., 2005) , prevent engulfment (Lauber et al., 2004) , and abort physical contact between apoptotic cells and phagocytes (Lucas et al., 2006) . In reperfused regions, microglia were morphologically consistent with the phagocytic phenotype-round, raffling, without leading edges-but were predominantly nonphagocytic. Importantly, even a limited rate of phagocytosis was protective, as was evident from increased calpain-mediated spectrin degradation and greater injury after microglial depletion. Neonatal brain is prone to oxidant injury largely because of its limited capacity to metabolize O 2 ⅐Ϫ-induced H 2 O 2 accumulation (Fullerton et al., 1998; Sheldon et al., 2004) . Pharmacologic inhibition of GSH production (Jain et al., 1991) or decreased GSH peroxidase activity (Sheldon et al., 2004) enhances injury after H-I, and disrupted recycling of GSH from GSSG injures primary neurons after oxygen-glucose deprivation . Considering that injury in neonates is GSH dependent, we explored whether protection could be achieved by reducing ROS in microglia. A major O 2 ⅐Ϫ buildup in the vasculature within injured regions was unaffected by a lack of microglia or increased microglial GSH, strongly suggesting that the mechanisms of O 2 ⅐Ϫ generation in the vasculature are independent of microglia. In activated microglia, O 2 ⅐Ϫ induction was diffuse and not nearly as strong as it was in endothelial cells in PBS-lip-treated or untreated pups. Increased GSH in microglia, but not in other cell types where GSH-lip accumulation is minimal, led to a particular vesicular pattern of O 2 ⅐Ϫ increase in activated microglia-in lipid rafts and not in endosomes, lysosomes, peroxisomes, or autophages. Lipid rafts serve as hubs for receptor clustering, including the scavenger receptor CD36, the integrins CD11b and CD18, and their dynamic association with signaling molecules, including Src kinases, and their downstream protein kinase-and phosphatase-dependent pathways (Schmitz and Grandl, 2007) . O 2 ⅐Ϫ accumulation in lipid rafts is known to generate the assembly of lipid raft domains (Zhang et al., 2010) , leading to disruption of endothelial cell function . Our data are consistent with the finding that lipid droplets are indicative of the inflammatory response initiated in microglia (Lalancette-Hébert et al., 2010) . We show that O 2 ⅐Ϫ accumulation in the GSH-lip group is associated with markedly increased CD36 expression, Rac1 recruitment to the rafts, and assembly of lipid raft domains, events that likely account for the significantly enhanced chemokine production and increased volume of ameboid microglia.
Although increased O 2 ⅐Ϫ production in response to higher GSH levels in microglia seems counterintuitive, the intracellular pattern of its accumulation (in lipid rafts) suggests several possibilities. Several enzymes in lipid rafts are thiol dependent, and an altered balance between GSH or thioredoxin and their oxidized forms affects intracellular signaling by modifying cysteines in catalytic sites of enzymes. Activation of acid sphingomyelinase is thiol dependent; it is an enzyme that converts sphingolipids to ceramide (Qiu et al., 2003) , triggers lipid raft platform assembly, and activates NADPH oxidase (Nox). Nox is a major source of O 2 ⅐Ϫ in lipid rafts, and the nonphagocytic Nox1 isoform is neurotoxic through O 2 ⅐Ϫ production (Chéret et al., 2008) . While genetic deletion of the phagocytic isoform Nox2 does not affect neonatal H-I injury (Doverhag et al., 2008) , in our model the recruitment of a small GTPase Rac-1 to the membrane (required for Nox activation), along with O 2 ⅐Ϫ accumulation but unchanged phagocytosis, indirectly point to Nox1 activation, which is consistent with our data on iNOS-and IL-1␤-mediated injury (Dingman et al., 2006) . Altered redox signaling and cytoskeletal rearrangements induced by Rac-1 could also signal macrophage fusion and reprogramming (Cuschieri and Maier, 2007; Helming and Gordon, 2009 ). Marked upregulation of CD36 by GSH-lip is another possible toxic O 2 ⅐Ϫ-dependent mechanism (Kunz et al., 2008) . The presence of large O 2 ⅐Ϫ-rich droplets in the GSH-lip group in the outer leaflet of the plasma membrane also raises the possibility of extracellular O 2 ⅐Ϫ signaling through transmembrane lipid transport, possibly by endocytosis and exocytosis (Zhang et al., 2010) . Based on our 3-D reconstruction immunofluorescence data, the number of microglia with increased lipid raft O 2 ⅐Ϫ in physical contact with neighboring cells was unaltered by GSHlip, but secretion of O 2 ⅐Ϫ-containing lipid domains and release of O 2 ⅐Ϫ, HO ⅐ , and hydrolysis products into the extracellular matrix may also cause damage. While the exact mechanisms of injury by GSH-lip-intracellular or extracellular-are not yet understood, a pharmacologically induced shift in GSH-GSSG balance in microglia toward a reduced form exacerbates injury, likely through O 2 ⅐Ϫ-mediated amplification of inflammation. Through the depletion or selective manipulation of intracellular GSH in microglia, we show that microglia contribute to endogenous protection against early injury after neonatal stroke and that redox balance modulates the cytotoxic effects of these cells. While our data support the overall idea that O 2 ⅐Ϫ is injurious to the neonatal brain, we show a novel injury mechanism. Although there are many unanswered questions related to the underlying mechanisms of increased O 2 ⅐Ϫ production in lipid rafts and the initiation of intracellular and extracellular signaling, an altered redox balance in microglia has a wide range of consequences, e.g., modulating neuroinflammation and injury in the neonatal brain. The differing patterns of O 2 ⅐Ϫ generation after stroke in immature and adult brain delineate distinct injury mechanisms. The inability of microglia to effectively eliminate apoptotic neurons may have major functional implications for the developing brain. Further studies are needed to identify ways to enhance microglia-mediated protection. 
